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Introduction {#sec1}
============

Nearly 26 million Americans, one in every nine, harbor kidney disease ([@bib32]). Despite recent medical advances, treatment options for patients with renal failure are limited. The alternatives available to patients who succumb to terminal renal disease are either supportive treatment in the form of dialysis or whole organ replacement by kidney transplantation. Dialysis is associated with long-term morbidity, mortality, and poor quality of life. The shortage of donor organs and the long wait time on the recipient list hamper renal transplantation ([@bib4]). The number of patients with terminal renal disease has increased, and the treatment costs for these patients now exceed the cumulative costs of treating cancer patients ([@bib32]). Due to the growing number of patients with kidney disease and the limited treatment options, alternative treatments are clearly in need.

Various types of stem cells may be applicable as a platform for cell therapy for renal disease ([@bib25], [@bib15]). Nevertheless, we now know that (1) bone marrow and blood stem cells do not generate nephron cell types ([@bib13], [@bib19], [@bib10]) and (2) no adult kidney epithelial stem cell with wide nephrogenic potential exists in the adult kidney ([@bib29]). Hence, isolation of tissue stem/progenitor cells from fetal kidneys is an attractive option for replenishment of nephron cells ([@bib25], [@bib15]). The mammalian kidney is formed via reciprocally inductive interactions between two mesoderm precursor tissues, the metanephric mesenchyme (MM) and the ureteric bud (UB) ([@bib25]). In response to UB signals, induced MM cells acquire an epithelial phenotype (mesenchymal to epithelial transition; MET) to generate committed nephron progenitor populations and sequentially form pre-tubular aggregates, renal vesicles, and C- and S-shaped bodies that eventually expand to give rise to mature nephrons ([@bib25]). Recent lineage-tracing experiments of cell populations in transgenic mouse models have established that the transcription factor SIX2 signifies a multipotent progenitor cell subpopulation in the MM that condensates to form the cap mesenchyme (CM) around the UB, and is capable of self-renewing and differentiating toward different types of nephron epithelia ([@bib1], [@bib18], [@bib23]).

Nevertheless, only a few studies have utilized human fetal kidney (hFK) as starting material for regenerative purposes ([@bib16]). More than a decade ago, we started utilizing hFK for tissue transplantation and in vivo organogenesis ([@bib7], [@bib8], [@bib9]). We then continued with derivation of specific hFK cell types suitable for in vitro manipulation/expansion and cell therapy ([@bib14]). Hypothesizing that the blastema in human Wilms\' tumor represents a transformed hFK CM, we concomitantly profiled blastema-enriched human Wilms\' tumors, which contain numerous undifferentiated renal progenitors, along with human fetal kidneys, and discovered progenitor biomarkers on the cell surface, allowing for sorting of human developmental renal precursors ([@bib16], [@bib11], [@bib22], [@bib28]). Importantly, we showed that the latter can be useful for cell replacement and functional repair of chronic kidney injury in mice ([@bib16]). For functional studies we have used hFK NCAM1^+^ cells that contain the CM stage and early nephron differentiation, and hence are a heterogeneous cell subset. With the goal of minimizing heterogeneity, we have recently better pinpointed early stages of human nephrogenesis with a combination of surface markers (NCAM1^+^CD133^−^), allowing for isolation of hFK SIX2-expressing cells ([@bib28]). Nevertheless, early nephrogenesis and especially human CM SIX2^+^ cells were only minimally represented following sorting attempts, as placing hFK cells in either serum-containing medium (SCM) or serum-free medium (SFM) resulted in dedifferentiation or epithelial differentiation, respectively, with resultant loss of the human CM early on. Thus, the expansion of hFK prior to prospective isolation depleted, at least in part, crucial nephrogenic cell types. It is noteworthy that while the human CM needs to be maintained in vitro, the human wild-type (WT) blastema can be readily propagated in vivo as human xenografts, allowing for constant isolation of WT stem/progenitors ([@bib31]). A recent breakthrough in culturing mouse CM and the derived SIX2^+^ cells ([@bib2]; ý[@bib20]) has allowed us to modify the hFK culture and show robust maintenance of a human CM and a SIX2-expressing fraction in sorted hFK cell subpopulations. Accordingly, a combination of hFK expansion, fluorescence-activated cell sorting (FACS) analysis, and measurements of gene expression in single cells of sorted hFK fractions showed for the first time a preservation in culture of both the mesenchymal and epithelial cell repertoires engaged in human nephrogenesis.

Results {#sec2}
=======

In Vitro Growth of hFK Cells in Monolayer Preserves Diversity of Human Embryonic Kidney Cells Only in mNPEM {#sec2.1}
-----------------------------------------------------------------------------------------------------------

We have previously managed to grow hFK in SFM as monolayer preserving CM elements for a short time period ([@bib16], [@bib28]). However, preservation of MET of human nephrogenesis in vitro has not been established until now ([Figure 1](#fig1){ref-type="fig"}A). Using three different media, namely SCM, SFM, and modified nephron progenitor expansion medium (mNPEM) ([@bib2]), we initially cultured hFK in each medium for three passages ([Figure 1](#fig1){ref-type="fig"}B). Cells grown in SFM or SCM for this time period displayed mostly cobblestone (a characteristic feature of epithelial cells) and spindle-shaped (a characteristic feature of mesenchymal cells) morphology, respectively ([Figure 1](#fig1){ref-type="fig"}B, left). In contrast, cells grown on MG (Matrigel matrix)-coated plates in mNPEM displayed morphological heterogeneity showing cobblestone, spindle-shaped, and ovoid-like cells and were organized in unique "niches." Each niche included a center of small ovoid-like crowded cells surrounded by larger cobblestone cells and crowned by an outer circle of spindle-shaped cells ([Figure 1](#fig1){ref-type="fig"}B). We next stained these cell cultures for SIX2 (as a marker for the nephron progenitors) and EpCAM (epithelial cell adhesion molecule) (as a marker for renal epithelial differentiation). As speculated, in hFK cultures grown in mNPEM, the small round cells that localize in the center of each niche stain for SIX2, while the cells in the periphery stain for EpCAM. In contrast, cells grown in either SFM or SCM for 7 days showed no SIX2 expression and were extensively stained for EpCAM ([Figure 1](#fig1){ref-type="fig"}B). Thus, only hFK cells cultured in mNPEM display phenotypic diversity forming distinct niches following even three passages in vitro.Figure 1In Vitro Growth of hFK Cells in Monolayer Preserves Diversity of Human Embryonic Kidney Cells Only in mNPEM(A) Schematic representation of experiments performed.(B) (Left) Representative morphology of hFK cells cultured in SCM, SFM, or mNPEM over 3 passages. In mNPEM, heterogeneous cell morphology is observed during in vitro culturing on MG-coated plates showing cobblestone, spindle-shaped, and small ovoid-like cells. In addition, cells are organized in unique niches. In contrast, hFK cells grown in SFM show mostly cobblestone morphology that is consistent with epithelial differentiation, and SCM cultures show spindle-shaped morphology that is becoming predominant as the passage number increases. Cells were photographed using a Nikon Digital Sight camera attached to a Nikon Eclipse TS100 microscope. Scale bars, 100 μm. (Right) Immunofluorescence staining for SIX2 and EpCAM in hFK cultures shows that the described heterogeneous "niches" appear only in cells grown in mNPEM (upper image), but not in SFM or SCM. The inner part of the niche contains small cells that are positive for SIX2 while the periphery of the niche is composed mainly of EpCAM^+^ epithelial cells. In contrast, for both SFM and SCM, no SIX2^+^ cells could be found and the cells are predominantly EpCAM^+^ (middle and lower images). Images were obtained using an Olympus DP72 camera attached to an Olympus BX51 fluorescence microscope and processed via cellSens standard software. Scale bars, 50 μm (upper panel) and 100 μm (middle and lower panels).(C) A heatmap representing gene expression levels that were obtained from microfluidic multiplex qPCR of "bulk" RNA from freshly dissociated hFK cells and for hFK cells grown in mNPEM, SFM, or SCM for 7 days. Cells grown in mNPEM preserve diverse hFK lineages, as can be seen from high expression of the markers for CM (SIX2, PAX2, CITED1, SALL1, OSR1, and WT1) and differentiated nephron epithelia (EPCAM, CDH6, and CDH1), as well as low expression of stromal associated genes (FOXD1). In contrast, cells grown in SFM and SCM show significantly lower expression levels for CM markers (at least 5-fold downregulation for SIX2, 15-fold for OSR1, and 25-fold for CITED1).(D) Double labeling of hFK cells grown in mNPEM for 14 days for SIX2 and EpCAM. The upper image represents the "niche" phenotype characterize by inner cells positively stained for SIX2 (green arrows) and peripheral epithelial cells positive for EpCAM (red arrows). The lower image represents a late epithelial stage of human nephrogenesis by cells that predominantly express only EpCAM. Images were obtained using an Olympus DP72 camera attached to an Olympus BX51 fluorescence microscope and processed via cellSens standard software. Scale bars, 100 μm.(E) Bar graph representing the percentage of SIX2^+^ cells from hFK cells grown in mNPEM compared with fresh hFK (data were averaged over n = 3 independent experiments).See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}.

To examine whether mNPEM actually preserves the diverse nephron epithelial cell lineages of fresh hFK, including CM, we used microfluidic multiplex qPCR (Biomark, Fluidigm) on 48 selected genes ([Table S1](#mmc1){ref-type="supplementary-material"}) to compare the gene expression of hFK cells grown in each of the aforementioned growth media and freshly dissociated hFK cells ([Figure 1](#fig1){ref-type="fig"}C). Bulk gene expression of mNPEM-cultured hFK cells revealed a dominant CM identity (NCAM^+^SIX2^+^) and reduction of stromal elements (FOXD1^+^) compared with other culture media and fresh tissue (see also [Figure S1](#mmc1){ref-type="supplementary-material"}). It can also be seen that mNPEM best preserves markers for both mesenchymal (CITED1, OSR1, PAX2, SALL1, SNAI1, SNAI2, WT1) and epithelial (CDH1, CDH6, EPCAM) nephric lineages.

Finally, at the protein expression level, immunofluorescence staining of hFK cells grown in mNPEM for 14 days for SIX2 and EpCAM showed preservation of the aforementioned niches containing small SIX2^+^ cells and surrounded by EpCAM^+^ cells ([Figures 1](#fig1){ref-type="fig"}D and [S2](#mmc1){ref-type="supplementary-material"}). Accordingly, some of the cells in the margins of each niche showed double staining for both SIX2 and EpCAM, suggesting a transitional state of differentiation ([Figure 1](#fig1){ref-type="fig"}D, upper panel). Other areas in the same culture showed pure epithelial colonies marked by EpCAM alone without SIX2 expression ([Figure 1](#fig1){ref-type="fig"}D, lower panel). Finally, quantification of SIX2-expressing cells in the mNPEM cultures (at 7 and 14 days) showed preservation of SIX2 percentages in culture (11% and 13%, respectively) ([Figure 1](#fig1){ref-type="fig"}E).

Thus, hFK kidney cells grown as monolayers in mNPEM maintain cellular diversity similar to that of fresh uncultured cells, including preservation of MET elements of nephrogenesis and reduction of interstitial cells.

NCAM^+^CD133^−^ Cells Grown in mNPEM Contain Early Nephrogenic Lineages that Can Be Dissected According to EpCAM Expression {#sec2.2}
---------------------------------------------------------------------------------------------------------------------------

hFK cells were grown in mNPEM ([@bib2]) for 7 days, after which they were analyzed for the presence of three surface markers: NCAM1 (NCAM), previously shown to enrich for the CM and early epithelial structures ([@bib28]); CD133 (PROM1), previously shown to enrich for differentiating and mature nephron tubular epithelia in the fetal kidney; and EpCAM, an epithelial differentiation marker ([Figure 2](#fig2){ref-type="fig"}A). FACS analysis of hFK cultured in mNPEM was compared with cells grown in SCM or SFM for 7 days ([Figure 2](#fig2){ref-type="fig"}B). Dissection of the NCAM^+^CD133^−^ cell fraction, particularly in mNPEM, revealed three early renal subpopulations (NCAM^+^CD133^−^EpCAM^−^, NCAM^+^CD133^−^EpCAM^dim^, and NCAM^+^CD133^−^EpCAM^bright^) putatively spanning from the CM to the renal vesicle stage, respectively. hFK grown in mNPEM exclusively showed preservation of the NCAM^+^CD133^−^ subpopulation, similar to freshly dissociated hFK cells (∼10%--11%, [Figures 2](#fig2){ref-type="fig"}B and 2C). On the contrary, the NCAM^+^CD133^−^ subpopulation was significantly reduced in cells grown in SFM/SCM for 7 days (2%--3%, [Figure 2](#fig2){ref-type="fig"}B; see also [Figure S2](#mmc1){ref-type="supplementary-material"} and [Table S2](#mmc1){ref-type="supplementary-material"}). Moreover, the NCAM^+^CD133^−^EpCAM^−/dim^ fraction, putatively representing early nephrogenesis (SIX2^+^ cells), was preserved only in mNPEM, similar to fresh hFK cells (∼60%--70%). On the contrary, in SFM and SCM cultures the NCAM^+^CD133^−^ cells were mostly EpCAM^bright^ (∼70%--80%), while EpCAM^dim^ or EpCAM^−^ were minimally preserved ([Figure 2](#fig2){ref-type="fig"}B; see also [Figure S2](#mmc1){ref-type="supplementary-material"} and [Table S2](#mmc1){ref-type="supplementary-material"}). Alongside the preservation of early nephrogenesis in mNPEM, later epithelial renal lineages were also maintained in mNPEM compared with freshly dissociated hFK. NCAM^+^CD133^−^EpCAM^bright^ (putative early nephron differentiation in late transition from mesenchyme to epithelia), NCAM^+^CD133^+^ (corresponding to the S-/comma-shaped bodies), and NCAM^−^CD133^+^ (corresponding to differentiated nephron epithelia) subpopulations were all preserved ([Figures 2](#fig2){ref-type="fig"}C, 2D, and [S2](#mmc1){ref-type="supplementary-material"}; [Table S2](#mmc1){ref-type="supplementary-material"}). [Table S2](#mmc1){ref-type="supplementary-material"} summarizes the FACS data of NCAM, CD133, and EpCAM in fresh and cultured hFK from three different sources.Figure 2NCAM^+^CD133^−^ Cells Grown in mNPEM Contain Early Nephrogenic Lineages that Can Be Dissected according to EpCAM ExpressionMid-gestation hFKs were dissociated and cultured in serum-containing medium (SCM), serum-free medium (SFM), and mNPEM. FACS analysis was performed for NCAM1, a marker that was previously shown to enrich for the CM and early epithelial structures, CD133 (PROM1), a marker that was previously shown to enrich for differentiating and mature epithelial nephron tubules in the fetal kidney, and EpCAM, an epithelial marker ([@bib28], [@bib30]).(A) Schematic representation of experiments.(B) Representative FACS analysis of fresh hFK and hFK cultured in either mNPEM, SFM, or SCM for 7 days. Cells that were grown in mNPEM preserve the NCAM1^+^CD133^−^ cell fraction, similar to freshly dissociated cells (11% and 10.8%, respectively). In contrast, SCM and SFM show decreased percentages of NCAM1^+^CD133^−^ cells (2.09% and 2.41%, respectively). Moreover, in both freshly dissociated hFK and cells grown in mNPEM, most cells are EpCAM^dim^ or EpCAM^−^ (42.6 + 19.9 = 62.5% and 4.71 + 64.8 = 69.51%, respectively), while cells grown in SCM or SFM show a much smaller percentage of EpCAM^dim^ or EpCAM^−^ populations (2.44 + 27.2 = 29.64% and 3.34 + 14 = 17.34%, respectively).(C) Close examination of the different cell subpopulations in fresh hFK and mNPEM cultures shows that in addition to maintaining the NCAM^+^CD133^−^ subpopulation and EpCAM distribution, the NCAM1^+^CD133^+^ and NCAM^−^CD133^+^ that represent the more epithelial differentiating and differentiated cells are also preserved in these cultures in a way that is comparable with fresh cells (note that the mNPEM cells here are from a different biological replicate than those in B, but the numbers are comparable). The gradual increase in EpCAM^bright^ cells (to ∼98% and 97% in the NCAM^−^/CD133^+^ cell population) in both mNPEM-grown and fresh hFK cells is consistent with earlier findings and further stresses the preservation of all hFK epithelial lineages in mNPEM. See also [Figure S2](#mmc1){ref-type="supplementary-material"}.(D) Bar graph showing mean percentages of NCAM^+^CD133^−^ cell subpopulations in fresh hFK and mNPEM cultures and the distribution of EpCAM subpopulations within this fraction (data were averaged over three independent experiments from three different hFK sources, n = 3).(E) Immunohistochemical staining of hFK tissue (from a 22-week embryo) for NCAM, CD133, EpCAM, and SIX2 showing that within the NCAM^+^CD133^−^ section of the MM, the EpCAM^bright^ cells correspond to early epithelial differentiation (renal vesicles in particular), while the EpCAM^−^ and EpCAM^dim^ cells are restricted to the most cortical region containing the SIX2^+^ cells of the CM and early CM progeny. MM, metanephric mesenchyme; CM, condensed mesenchyme; RV, renal vesicle; T, tubules. Scale bars, 100 μm. See also [Figure S2](#mmc1){ref-type="supplementary-material"} and [Table S2](#mmc1){ref-type="supplementary-material"}.

To demonstrate the in situ distribution of EpCAM in the NCAM^+^CD133^−^hFK compartment, we immunostained hFK tissue for NCAM, CD133, SIX2, and EpCAM ([Figure 2](#fig2){ref-type="fig"}E). It can be seen that within the NCAM^+^CD133^−^ (MM) section, EpCAM is absent from the CM. Early CM progeny maintains SIX2 and starts to express EpCAM in low levels (EpCAM^dim^). In the renal vesicles within the NCAM^+^CD133^−^ section, EpCAM is upregulated (EpCAM^bright^) ([Figure 2](#fig2){ref-type="fig"}E, third panel from left). Thus, the most cortical segment containing SIX2^+^ cells seems to overlap with the NCAM^+^CD133^−^EpCAM^dim/neg^ cell subpopulation. We could also discern later stages of renal MET, in particular, S-/comma-shaped bodies (NCAM^+^CD133^+^EpCAM^bright^) and differentiated tubules (NCAM^−^CD133^+^EpCAM^bright^).

Thus, mNPEM allows preservation of early renal nephrogenesis while maintaining differentiated epithelial lineage.

Single-Cell Gene Expression Analysis of Prospectively Isolated hFK-Cultured Cells Reveals Representation of Major Stages of Human Nephrogenesis {#sec2.3}
-----------------------------------------------------------------------------------------------------------------------------------------------

To further characterize the mNPEM-cultured hFK cells at the single-cell level, we performed microfluidic single-cell qPCR. hFK cells cultured in mNPEM for 7 days were FACS sorted and ∼80 single cells from three fractions (NCAM^+^CD133^−^EpCAM^−^, NCAM^+^CD133^−^EpCAM^dim^, and NCAM^+^CD133^+^) were collected into 96-well plates. For each individual cell, we measured the expression of 48 gene targets known to be involved in kidney development and tumorigenesis ([@bib21], [@bib17]; [Table S3](#mmc1){ref-type="supplementary-material"}; [Figure 3](#fig3){ref-type="fig"}A). We identified four major cell subpopulations representing distinct transcriptional states that could be related to the major cell types participating in kidney development ([Figure 3](#fig3){ref-type="fig"}B).Figure 3Single-Cell Gene Expression Analysis of Prospectively Isolated hFK-Cultured Cells Reveals Cell Subpopulations Representing All Stages of Human Nephrogenesis(A) Schematic representation of the experiments performed.(B) Gene expression heatmap and corresponding PCA plot of ∼240 single cells (rows) and 47 genes (columns) measured simultaneously from each cell. Gene expression levels (in terms of threshold cycles, Ct) were standardized and clustered such that phenotypically similar cells are grouped next to each other (red, high expression; green, low expression; gray, no expression). Cells were isolated from human fetal kidney, cultured in mNPEM for 7 days, and sorted by FACS into three fractions: NCAM^+^CD133^−^EPCAM^−^, NCAM^+^CD133^−^EPCAM^dim^, and NCAM^+^CD133^+^. The colors in the column on the right of the heatmap and in the PCA plot represent the FACS-sorted fraction of origin of each individual cell. We identified distinct cell subpopulations whose expression profiles correspond to the CM (SIX2^+^WT1^+^OSR1^+^CITED1^+^EYA1^+^SIX1^+^CDH11^+^), early nephric epithelia (EPCAM^+^CDH1^+^CDH6^+^PAX2^+^KRT18^+^KRT19^+^), and a MET-transition state (many of which cells express both CM and epithelial markers). An additional mesenchymal subpopulation (SERPINE1^+^ZEB1^high^CDH11^+^SIX2^−^) is hypothesized to correspond to the nephrogenic interstitium (containing the uninduced metanephric mesenchymal/stromal cells of the nephrogenic zone).(C) Similar analysis of ∼160 single cells from the tumorigenic (NCAM^+^ALDH1^+^) and non-tumorigenic (NCAM^+^ALDH1^−^) cell fractions of a late (passage 10) blastemal Wilms\' tumor-PDX reveals two cell subpopulations: a CM-like subpopulation (EYA1^+^OSR1^+^SIX2^+^SIX1^+^), found in both cell fractions, and an uninduced mesenchyme-like subpopulation (SERPINE1^+^SIX2^−^) found only in the tumorigenic fraction.(D) All three cell fractions (NCAM^+^CD133^−^, NCAM^+^CD133^+^, and NCAM^−^CD133^+^) sorted from hFK cells cultured in SFM for 10 days have a nephric epithelial phenotype (EPCAM^+^KRT18^+^KRT19^+^SIX2^−^). In the NCAM^+^CD133^−^ fraction, we did find a small number of more early mesenchymal cells (CDH11^+^), but no measurable SIX2^+^ cells were found within the ∼240 cells that we measured. In all heatmaps, genes that had zero expression in all cells are not shown (apart from SIX2).Note that PCA analysis in (B) and (C) was performed on a union of all cell fractions from hFK-mNPEM and Wilms\' tumor cells, whereas in (D) only hFK-SFM cell fractions were included, along with the hFK-mNPEM mesenchymal fraction (NCAM^+^CD133^−^EPCAM^−^) to allow for better visual comparison. See also [Figure S3](#mmc1){ref-type="supplementary-material"}; [Tables S1](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.

The NCAM^+^CD133^−^EpCAM^−^ fraction enriched for two mesenchymal cell subpopulations: a CM population, overexpressing the genes SIX2, WT1, OSR1, CITED1, EYA1, SIX1, and CDH11, and a second mesenchymal subpopulation overexpressing the genes SERPINE1, ZEB1, and CDH11 (but not the CM markers SIX1, SIX2, EYA1, and CITED1, or the epithelial markers CDH1, KRT19, and EpCAM). To identify this population, we searched the microarray data in the GUDMAP database (<http://www.gudmap.org>) for a cell population in the mouse embryonic kidney having similar characteristics.

We found that the nephrogenic interstitial cells in embryonic day 15 (E15.5) mouse embryos overexpress the gene SERPINE2, a paralog of SERPINE1, together with ZEB1 and CDH11 ([Figure S3](#mmc1){ref-type="supplementary-material"}). In this same cell fraction the CM markers SIX1, SIX2, EYA1, and CITED1, and the epithelial markers CDH1, KRT19, and EpCAM were underexpressed. Therefore, we hypothesize that the second non-CM cell subpopulation (in the human cells) represents the nephrogenic interstitium, including the uninduced MM/stromal cells of the nephrogenic zone.

The NCAM^+^CD133^−^EPCAM^dim^ fraction was found to enrich for a MET state. Many of these cells overexpressed some CM-characteristic genes (SIX2, WT1, CDH11) but also genes characteristic of the early nephron epithelium (CDH6, KRT18, and KRT19), as well as PAX2, which is a marker for mesenchyme-derived epithelium ([@bib3]).

The NCAM^+^CD133^+^ fraction is enriched for cells overexpressing genes characteristic of early nephric epithelial cells: EPCAM, CDH1, CDH6, PAX2, KRT18, and KRT19. Within this population we observed cells with proximal (CDH6^high^/WT1^high^) and distal (CDH1^high^) tubular phenotypes. Furthermore, we also observed expression of ALDH1A1 and ALDH1A2, genes that were previously shown to be localized to more differentiated tubular elements in the human fetal kidney ([@bib27]).

Wilms\' tumor was previously shown to enrich for early developmental cell types resembling the fetal CM ([@bib27]). We therefore performed the same single-cell analysis on Wilms\' tumor for comparison with the single-cell gene expression profiling in mNPEM-cultured hFK cells. We have previously shown using xenograft transplantation experiments that the NCAM^+^/ALDH1^+^ cell fraction from within the Wilms\' tumor blastema is enriched for cancer stem cells (CSCs) ([@bib27]). Therefore, we used flow cytometry to sort two cell fractions from a late (passage 10) blastemal Wilms\' tumor patient-derived xenograft (WT-PDX): NCAM^+^/ALDH1^+^ and NCAM^+^/ALDH1^−^. We found ([Figure 3](#fig3){ref-type="fig"}C) that while both cell fractions contain a significant CM-like subpopulation (overexpressing the genes EYA1, OSR1, SIX2, and SIX1), only the tumorigenic NCAM^+^/ALDH1^+^ fraction contains a cell subpopulation resembling the nephrogenic interstitium/uninduced mesenchyme (overexpressing SERPINE1 and almost not expressing SIX2). This indicates that the uninduced mesenchyme-like population is essential for tumorigenicity. Additionally, consistent with the overall blastemal characteristics of the WT-PDX, single-cell resolution disclosed only a repertoire of mesenchymal cells, and there was no measurable population of nephric epithelial cells ([Figure 3](#fig3){ref-type="fig"}C).

We have previously shown that upon short-term culture (7 days) in SFM, hFK NCAM^+^CD133^−^ sorted cells, albeit representing a diminutive cell fraction (∼0.5%), maintain some CM phenotype (SIX2 high) ([@bib28], [@bib30]). However, after culturing for 10 days in SFM we observed rapid differentiation into epithelia. Consistent with this observation, single-cell qPCR analysis for hFK cells that were grown in SFM for 10 days showed only the epithelial-like phenotype (overexpressing EPCAM, KRT18, and KRT19) and did not express measurable SIX2 at all, as well as other markers of early nephrogenesis ([Figure 3](#fig3){ref-type="fig"}D). These cells thus represent an early epithelialization stage likely equivalent to NCAM^+^CD133^−^EpCAM^bright^ cell fraction in the mNPEM.

To summarize, only fetal human cells grown in mNPEM capture the full repertoire of cell subpopulations that are found in the early developing fetal kidney.

Splice Isoform Expression Analysis at the Single-Cell Level Shows that hFK Cells Cultured in mNPEM Contain Both Epithelial and Mesenchymal Phenotypes, thus Recapitulating the MET in Human Nephrogenesis {#sec2.4}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

We previously showed, using "bulk" RNA sequencing measurements of human fetal cells cultured in SFM, that during the MET in early kidney development many genes undergo splice isoform switching similar to that found in epithelial to mesenchymal transition in breast cancer ([@bib27]). One such gene is ENAH (hMena), which was found to switch between two isoforms: a mesenchymal isoform lacking exon 11a, and an epithelial isoform including it ([@bib12], [@bib30], [@bib24]). We next demonstrated this at the single-cell level ([Figure 4](#fig4){ref-type="fig"}) by choosing primers specific to the ENAH (11a-) and ENAH (full-length) isoforms and measuring their levels using single-cell qPCR.Figure 4Splice Isoform Expression Analysis at the Single-Cell Level Shows Epithelial and Mesenchymal Phenotypes in Prospectively Isolated hFK-Cultured Cells and WT-PDXShown is the relative expression (in terms of the difference in qPCR threshold cycles, Ct) between the epithelial and mesenchymal isoforms of the gene ENAH. For clarity, only cells in which both isoforms were detected are shown. It can be seen that hFK cells cultured in mNPEM contain subpopulations with both a predominant mesenchymal isoform (NCAM^+^CD133^−^EPCAM^−^ and NCAM^+^CD133^−^EPCAM^dim^) and a predominant epithelial isoform (NCAM^+^CD133^+^). Both fractions (NCAM1^+^ADLH1^+^ and NCAM1^+^ADLH1^−^) of the blastemal Wilms\' tumor-PDX had strong overexpression of the mesenchymal isoform, and all three fractions (NCAM^+^CD133^−^, NCAM^+^CD133^+^, and NCAM^−^CD133^+^) of hFK cells cultured in SFM overexpressed the epithelial isoform.

We found that fetal human cells grown in mNPEM contain both subpopulations with a predominant mesenchymal isoform (NCAM^+^CD133^−^EpCAM^−^ and NCAM^+^CD133^−^EpCAM^dim^) and a predominant epithelial isoform (NCAM^+^CD133^+^). Both fractions of Wilms\' tumor (NCAM1^+^ADLH1^+^ and NCAM1^+^ADLH1^−^) showed a strong overexpression of the mesenchymal isoform, and all fractions of the fetal cells grown in SFM (NCAM^+^CD133^−^, NCAM^+^CD133^+^, and NCAM^−^CD133^+^) expressed the epithelial isoform. Therefore, only human fetal cells grown in mNPEM were found to capture the MET at both gene expression and splice isoform levels.

Discussion {#sec3}
==========

Herein, by utilizing a nephron progenitor-preserving medium and a combination of surface markers that allow for cell sorting and single-cell analysis of sorted fractions, we map single hFK cells from expanded cultures and show for the first time the preservation of a spectrum of cell types in vitro that constitute human nephrogenesis in vivo. Once ex vivo maintenance of the various cell types participating in nephrogenesis, including stem/progenitor cells, differentiating, and differentiated renal lineages was achieved, deeper phenotyping at single-cell resolution could be carried out.

Culturing hFK in mNPEM instantly showed morphological heterogeneity, including specific undifferentiated stem cell niches and differentiating epithelial cells, which could be further exploited to show an EpCAM expression gradient (EpCAM^−^, EpCAM^dim^, EpCAM^bright^) within the NCAM1^+^CD133^−^ hFK cell fraction that was previously suggested to enrich for nephron progenitors ([@bib22], [@bib28]). This gradient, and especially the NCAM1^+^CD133^−^EpCAM^−^ hFK cells (a presumed early fraction), were not observed when hFK cells were grown and passaged in SFM or SCM. Since we are dealing with human biological samples, antigenic expression may differ between hFKs with resultant variable percentage of NCAM^+^CD133^−^ cells. Nevertheless, this variability does not affect the distribution of the different compartments according to EpCAM, which are constantly preserved.

The appearance of discrete cell subpopulations when growing hFK in mNPEM afforded the opportunity to measure gene expression at single-cell resolution in sorted cell fractions and to decipher the respective stages of human renal development. Reassurance that cells of early nephrogenesis are indeed preserved in culture came for microfluidic multiplexed qPCR experiments that analyzed bulk RNA from hFK cells grown in mNPEM, SCM, and SFM, and demonstrated differential gene expression compatible with preservation of the CM in the hFK cells grown in mNPEM. This was further verified by widespread protein expression of SIX2 in hFK-mNPEM culture at P3, as well as preservation of epithelial nephric lineages.

Single-cell gene expression analysis of cell subpopulations sorted from hFK expanded in mNPEM using the Biomark system ([@bib5]) provided a more detailed picture that better characterized the cell types expanded in culture, and pinpointed for the first time the in vitro preservation of early human nephrogenesis. Accordingly, two populations of uninduced and induced mesenchyme (CM) are expanded in the NCAM1^+^CD133^−^EpCAM^−^ hFK cell fraction. An additional type of cells expanded in mNPEM and residing within the NCAM1^+^CD133^−^ fraction appear to be in transition from mesenchyme toward epithelia (NCAM1^+^CD133^−^EpCAM^dim^ cells). While, as expected, SIX2 expression can be traced to NCAM^+^CD133^−^EPCAM^−^ cells, there appears to be residual SIX2 expression also in the NCAM^+^CD133^−^EPCAM^dim^ fraction, defining a unique early CM-derived cell type expressing both a stem and differentiating phenotype. This argues against a model whereby SIX2 is shut down and only after which epithelialization starts to emerge, but rather informs about the presence of an intermediate phenotype. In this regard, immunostaining showed that NCAM^+^CD133^−^EPCAM^bright^ cells mark renal vesicles from which SIX2 is completely absent. Importantly, while mNPEM favors expansion of cell types of early nephrogenesis, we were also able to observe differentiated nephron epithelia in later stages (NCAM1^+^CD133^+^) at single-cell resolution. In contrast, we found no evidence for expansion of non-nephrogenic mature lineages such as pericytes or endothelium.

To fully appreciate and to validate the cell repertoire expanded in mNPEM (see principal component analysis \[PCA\] plots in [Figure 3](#fig3){ref-type="fig"}), we added additional human samples in which this repertoire appears only in part; for instance, in blastema-enriched human Wilms\' tumor-PDX, single-cell analysis and PCA plots disclose the early uninduced and induced mesenchymal cell types but show total absence of the epithelial component. In contrast, in hFK expanded in serum-free media to prolonged time points (10 days), single-cell analysis and PCA plots show disappearance of the mesenchymal fractions. The diversity of the mNPEM-cultured hFK cells was further demonstrated by measuring mesenchymal and epithelial associated splice isoforms of the gene ENAH at the single-cell level ([Figure 4](#fig4){ref-type="fig"}). These measurements showed that only mNPEM-cultured hFK cells contain subpopulations with either a predominant mesenchymal isoform (NCAM^+^CD133^−^EPCAM^−^ and NCAM^+^CD133^−^EPCAM^dim^) or a predominant epithelial isoform (NCAM^+^CD133^+^). In comparison, both cell fractions of the Wilms\' tumor xenograft overexpressed the mesenchymal isoform and all three fractions of the SFM-cultured hFK cells expressed the epithelial isoform.

Recently, directed differentiation of pluripotent stem cells to an organoid that approximates a 10-week human fetal kidney has been shown ([@bib6], [@bib41], [@bib42], [@bib43]). It would be interesting to dissect, at the single-cell level, the cellular repertoires expanded in the organoid and compare it with single-cell heatmaps we have generated for expanded hFK. We acknowledge that the Biomark system allowing 48 gene measurements in a cell and not the full transcriptome may be limited. Nevertheless, the discrete hFK cell types unraveled by this system may already provide a screen for any attempt to analyze the outcome of induced pluripotent stem cell to hFK differentiation. Moreover, since a full repertoire of developing human kidney cells is expanded in the mNPEM hFK cultures, we propose them as ideal for modeling gene defects that hamper nephron differentiation at varying stages of the MET axis ([@bib33]), drug screens that aim to boost expansion of human nephron progenitors, and toxicological screens that aim to determine harmful effects at the stem cell level or more differentiated cell progeny.

Experimental Procedures {#sec4}
=======================

Ethics Statement {#sec4.1}
----------------

This study was conducted according to the principles expressed in the Declaration of Helsinki and was approved by the Institutional Review Boards of Sheba, Hadassah-Ein Kerem, and Asaf Harofeh Medical Centers.

Human Fetal Kidney Samples {#sec4.2}
--------------------------

hFK were collected from elective abortions. Fetal gestational age ranged from 15 to 22 weeks. All studies were approved by the local ethical committee and informed consent was given by the legal guardians of the patients involved according to the Declaration of Helsinki.

Establishment of Single-Cell Suspension from Human Fetal Kidney {#sec4.3}
---------------------------------------------------------------

Each tissue was processed for the formation of a single-cell suspension as previously described ([@bib27]). In brief, collected tissues were washed with cold Hank's balanced salt solution (Invitrogen) and minced into ∼1-mm cubes using sterile surgical scalpels. The dissected tissue was then incubated for 2 hr at 37°C with Iscove\'s modified Dulbecco\'s medium (IMDM) (Invitrogen) supplemented with 0.1% collagenase IV (Invitrogen). The digested tissue was then gradually forced through a 100-μm cell strainer to achieve a single-cell suspension.

Primary hFK Cell Cultures {#sec4.4}
-------------------------

Primary hFK cell cultures were performed as previously described ([@bib16], [@bib22], [@bib27]). Single-cell suspensions of hFK were resuspended in a growth medium (SCM, SFM, or mNPEM) and plated in flasks. SCM was composed of IMDM (Biological Industries) supplemented with 10% fetal bovine serum (Invitrogen), 1% Penicillin-streptomycin (pen-strep) 100  M, 1% L-glutamine (both from Biological Industries), 100  ng/mL epidermal growth factor (EGF), 100 ng/mL basic fibroblast growth factor (FGF), and 10 ng/mL stem cell factor (all growth factors purchased from Peprotech Asia). For passaging, cells were detached using 0.05% trypsin/EDTA (Invitrogen). SFM was composed of N2 medium (Biological Industries) supplemented with 1% pen-strep 100  M, 1% L-glutamine, 0.4% B27 supplement (Gibco), 4  μg/mL heparin sodium (Intramed), 1% non-essential amino acids, 1% sodium pyruvate, 0.2% CD lipid concentrate (all from Invitrogen), 2.4 mg/mL glucose, 0.4  mg/mL transferrin, 10  mg/mL insulin, 38.66  μg/mL putrescine, 0.04% sodium selenite, 12.6  μg/mL progesterone (all from Sigma-Aldrich), 10  ng/mL FGF, and 20 ng/mL EGF. For passaging, cells were detached using a non-enzymatic cell dissociation solution (Sigma-Aldrich). Cells were incubated as described previously ([@bib26]). All assays were conducted with low-passage cultured cells. For mNPEM, cells were plated onto 96-well plates pre-coated with Matrigel (BD Biosciences) and cultured in APEL medium (Stem Cell Technologies) supplemented with 10 μM Y-27632, 1.25 μM CHIR99021 (Stemgent), 200 ng/mL FGF9 (R&D Systems), 30 ng/mL bone morphogenetic protein 7 (BMP7) (Sigma-Aldrich), 125 nMLDN-193189 (R&D Systems), and 1 mg/mL heparin (Sigma-Aldrich). Insulin-like growth factor 1 (IGF1), IGF2, and BMP4 were excluded from the original medium ([@bib2]) due to lack of effect on the cultured cells probably since they are unsuitable for human cells. For passaging, cells were dissociated by incubation with TrypLE for 2 min at 37°C. mNPEM was changed every 2 days. The cells were observed using Nikon Eclipse TS100 and Nikon Digital Sight cameras.

Fluorescence-Activated Cell Sorting Analysis {#sec4.5}
--------------------------------------------

FACS analyses were performed on cells originating from three independent samples of hFK (ranging from 15 to 22 weeks of human gestation: hFK103, hFK104, and hFK105) as previously described ([@bib11]). Cells grown in either medium (mNPEM, SFM, SCM) were harvested using 0.05% trypsin/EDTA (Gibco) or a non-enzymatic cell dissociation solution (Sigma-Aldrich), and the number of viable cells was determined using Trypan blue staining (Invitrogen). Cells (1 × 10^5^ in each reaction) were suspended in 50 μL of FACS buffer (0.5% BSA and 0.02% sodium azide in PBS \[Sigma-Aldrich and Invitrogen, respectively\]) and blocked with FcR Blocking Reagent (Miltenyi Biotec) and human serum (1:1) for 15 min at 4°C. Surface antigens were labeled by incubation with fluorochrome-conjugated mouse anti-human CD133/1-Vio-bright (fluorescein isothiocyanate equivalent) (Miltenyi Biotech, catalog \#130-105-226), mouse anti-human NCAM-allophecoaritin (eBioscience, \#17-0569-42), and anti-EpCAM (CD326)-phecoaritin (eBioscience, \#12-9326-42) for 45 min in the dark at 4°C to prevent internalization of antibodies. 7-Amino-actinomycin-D (7AAD; eBioscience, \#00-6993-50) was used to select for viable cells. All washing steps were performed in FACS buffer. Quantitative measurements were made from the crosspoint of the immunoglobulin G isotype graph with the specific antibody graph. Data were additionally analyzed and presented using FlowJo software.

FACS Sorting {#sec4.6}
------------

Cells were harvested as described above, filtered through a 30-μm nylon mesh before final centrifugation, and resuspended in FACS buffer. A FACSAria III sorter was used to enrich for cells expressing surface markers. An 85-μm nozzle (BD Biosciences), sheath pressure of 20--25 pounds per square inch, and an acquisition rate of 1,000--3,000 events per second were used. Single viable cells were gated on the basis of 7AAD and then physically sorted into 96-well plates for single-cell gene expression analysis.

Bulk RNA Purification {#sec4.7}
---------------------

Bulk total RNA was prepared from ∼1.5 × 10^5^ cells using the Direct-zol RNA MiniPrep kit (Zymo Research) according to the manufacturer\'s instructions and stored in −80°C.

Microfluidic Single-Cell qPCR {#sec4.8}
-----------------------------

Single cells were sorted by FACS into individual wells of 96-well plates. After cell lysis, mRNA levels were measured by microfluidic single-cell qPCR using the Biomark system (Fluidigm) according to the manufacturer\'s instructions. This resulted in 48 gene expression values (measured in threshold cycles, Ct) for each one of the cells sorted. We analyzed approximately 80 cells from each cell fraction. qPCR standard curves were created using serial dilutions of "bulk" RNA containing a mixture of HeLa total RNA (Thermo Fisher Scientific) and RNA from adult and fetal human kidneys. TaqMan gene expression primers and probes were purchased from Thermo Fisher Scientific.

For clustering analysis, we standardized the expression levels of each gene individually by subtracting the mean and dividing by 3-times the SD of expressing cells. Then all values were truncated into the range \[−1, +1\] as previously described ([@bib5]). Clustering was performed using complete linkage and correlation distance (MATLAB).

Microfluidic multiplex qPCR from "bulk" total RNA samples was done similarly; however rather than sorting single cells into 96-well plates, 1 μL of total RNA from each sample was inserted into each well. Prior to standardization and clustering analysis, qPCR threshold cycles (Ct) were normalized to the gene ACTB. Similar results were obtained by normalizing to GAPDH. See also [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.

Agar Cyto Cell Block Preparation and Immunofluorescence Staining {#sec4.9}
----------------------------------------------------------------

A total of 10^6^ cells were fixed in 4% paraformaldehyde (PFA) for 2 hr, washed in PBS, and suspended in low-melting-point agar. After becoming solid at 40°C the agar block was transferred into PFA overnight at 40°C, washed with distilled water, and embedded. Five-micrometer sections of paraffin-embedded agar blocks were mounted on super frost-plus glass and incubated at 60°C overnight. Following deparaffinization and antigen retrieval with Zytomed Systems OmniPrep Solution, slides were incubated in Cas-Block solution for 1 hr at room temperature. The primary antibodies SIX2 (11562-1-AP, Proteintech) and Ki67 (VP-K452, Vector Laboratories) were diluted in commercial antibody diluent, incubated for 1 hr at room temperature, washed with PBS-Tween (0.05%), and incubated with secondary antibodies for 1 hr at room temperature. Following PBS-Tween washes, slides were mounted with DAPI-containing mounting and covered with coverslips. Staining was evaluated with an Olympus BX51TF microscope and Scion color and monochrome digital cameras.

For experimental procedures for immunofluorescence staining of hFK cells, in vivo WT xenograft formation, single-cell gene expression analysis, and statistical analyses, see [Supplemental Experimental Procedure](#mmc1){ref-type="supplementary-material"}.
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